Abstract -Liposomes prepared from a milk fat globule membrane (MFGM) phospholipid fraction have been shown to have significantly different physical and chemical characteristics and appeared to be more stable in a variety of conditions than liposomes prepared from soya phospholipid material. These liposome systems were used to try to encapsulate model hydrophobic (β-carotene) and hydrophilic (potassium chromate) compounds. Liposomes produced from the MFGM-derived phospholipids showed significantly higher entrapment efficiencies for both β-carotene and potassium chromate. The differences were particularly apparent when using the hydrophobic molecules at low ratios of β-carotene to phospholipid. It is likely that the improved incorporation efficiency for β-carotene is due to the partitioning of the molecule between the aqueous phase and the phospholipid membrane, a property which will be dependent on the specific composition of the phospholipid material used. The higher encapsulation efficiency for the potassium chromate appeared to reflect the slightly larger diameter of the liposomes produced from the MFGM material. These results suggest that there may be inherent advantages in the use of liposomes prepared from MFGM-derived phospholipids via microfluidization for the encapsulation of both hydrophobic and hydrophilic compounds.
INTRODUCTION
Milk fat globule membrane (MFGM) phospholipids have been shown to have a number of health benefits [4, 5, 8, 9, 15] , and MFGM material may be successfully used to stabilize emulsions [3, 20, 21, 32] and produce liposomes [29] .
Liposomes are phospholipid-bilayer structures with an aqueous core [33] , and are usually produced from highly purified phospholipids extracted from soya oil or egg yolk. The first stage in liposome production is the self-assembly of a bilayer of phospholipid molecules. During the formation of this bilayer, hydrophobic compounds may be incorporated inside the membrane. The ends of this bilayer may then wrap around and seal together to form a liposome, enclosing a portion of the aqueous environment inside the vesicle and thus entrapping any hydrophilic compounds present in the aqueous phase.
The effectiveness of a liposome population at entrapping compounds during vesicle formation is commonly reported as entrapment efficiency. This is the proportion of the desired compound present in the system that is held within the liposome structure, either in the aqueous compartments or incorporated in the bilayer membrane. The calculation of the entrapment efficiency is usually based on the removal of unincorporated material and the assumption that the remaining material is all entrapped. This requires a method to separate free and entrapped species, and is usually based on either size and/or density differences [17] .
The bilayer membrane is held together by non-covalent interactions, allowing it to carry a wide variety of hydrophobic compounds. The inclusion of such compounds at up to approximately 10 wt. % will not usually disrupt the membrane, although membrane fluidity and permeability may be affected [14] . For highly hydrophobic materials and liposome preparation methods using organic solvents, entrapment is usually close to 100% regardless of the liposome size, type and composition. Overall entrapment is thus determined by the total amount of phospholipid present [31] . For molecules of lower hydrophobicity, the location of the compound within the liposome and its entrapment efficiency will depend on its partitioning between the hydrophilic and hydrophobic phases.
The dehydration-rehydration method used by one research group resulted in entrapment efficiencies ranging from 1 to 34% for proteins of varying hydrophobicities [16] .
Hydrophilic entrapment for a given liposome system is proportional to the entrapped volume of the liposomes [31] and the phospholipid concentration. The use of high concentrations of the hydrophilic material increases the active material to phospholipid ratio, making more efficient use of the phospholipid available. If liposomes were tightly-packed solid spheres in an aqueous environment, the theoretical maximum for entrapment efficiency of the aqueous phase would be 70%, as 30% of the aqueous phase would be required to fill the gaps between the spheres [12] . However, there is evidence that the bilayer membrane is quite flexible and that liposomes are often non-spherical [1, 23] , which at very high phospholipid concentrations may allow entrapment efficiencies higher than this theoretical maximum. Reported entrapment efficiencies for hydrophilic materials vary greatly depending on the details of the preparation method and specific hydrophilic compound. The standard thin-film liposome preparation method usually gives a hydrophilic entrapment efficiency of only 1-9%, but repeated freezing and thawing of the solution can increase the efficiency to 35-88%. Mayhew et al. [13] used a Microfluidizer to encapsulate cytosine arabinoside, and obtained entrapment efficiencies ranging from 5-75% depending on the operating conditions and phospholipid concentration.
Previous work in our laboratory has compared the general structure and properties of liposomes produced from MFGM-derived phospholipids using three different techniques -microfluidization, the traditional thin-film hydration and the heating method [28] . These results showed that microfluidization produced liposomes with the smallest overall size and narrowest particle size distribution. This technique has therefore been used for the manufacture of liposomes in subsequent work. We have also found that the unique composition of the MFGMderived phospholipid fractions produces liposomes which have a higher phase transition temperature, thicker membrane and lower membrane permeability when compared with liposomes produced from non-hydrogenated soya phospholipids [27] . The MFGM liposomes also demonstrated an improved stability in a range of pH conditions, at a variety of storage and processing temperatures, and in the presence of mono-and divalent cations [24] . This suggests that liposomes produced from the MFGM-phospholipid material may provide some advantages in the entrapment of bioactive compounds.
To characterise and compare the entrapment profiles of the liposome dispersions, model hydrophobic and hydrophilic compounds were used. β-Carotene was chosen as a model hydrophobic compound, as its bright orange colour allowed the presence of the molecule to be followed qualitatively by eye and quantitatively by spectrophotometric techniques. Potassium chromate was chosen as a model hydrophilic compound, as its entrapment and release from liposomes has been shown to be similar to that of other molecules with slow rates of membrane diffusion [19] .
MATERIALS AND METHODS

Materials
Both phospholipid products used in this study are commercially available, and were stored vacuum-packed at -18
• C. The MFGM-derived phospholipid fraction (Phospholac 600) was provided by the Fonterra Co-operative Group Ltd (New Zealand) , and a purified soya phospholipid fraction (Sigma catalogue #P3644, minimum 30% phosphatidyl choline) was obtained from Sigma-Aldrich (St. Louis, MO, USA). These fractions have been comprehensively characterized in earlier publications [26] [27] [28] [29] , and contained similar overall levels of phospholipids (72-74% polar lipids), low levels of nitrogen (1.1-2.4%) and negligible amounts of triglycerides or cholesterol. The primary difference between the fractions was the distribution of phospholipid classes, with the MFGM-derived fraction containing approximately equal amounts of phosphatidyl choline, phosphatidyl ethanolamine and sphingomyelin; while the soya fraction contained twice the amount of phosphatidyl choline and had no sphingomyelin. The fatty acids in the MFGM-derived phospholipids were also more highly saturated than those of soya origin. All chemicals used were of analytical grade and obtained from Sigma-Aldrich.
Determination of liposome formation and structure
Previous publications confirmed the formation of liposomes from the same microfluidisation technique and phospholipid fractions used here. The techniques used included particle size analysis (as outlined below) and various forms of microscopy to provide images of the liposomes (negative staining transmission electron microscopy, thin section transmission electron microscopy, cryo-field emission scanning electron microscopy and atomic force microscopy [28, 29] ).
Negative staining transmission electron microscopy was carried out on samples of liposome dispersions with entrapped β-carotene and potassium chromate across the range of concentrations used. The liposome dispersions were diluted approximately 1:10 with distilled water. One drop of the diluted sample was combined with a drop of 2% ammonium molybdate and left for 3 min. The solution was then placed on a copper mesh for 5 min before the excess liquid was drawn off with filter paper. The mesh was examined using a Philips 201C transmission electron microscope (Eindhoven, The Netherlands).
Determination of size of liposomes
The average hydrodynamic diameter of the liposome dispersions was measured on a Zetasizer 4 (Malvern Instruments Ltd., Worcestershire, UK) using photon correlation spectrometry (PCS) as previously described [27] [28] [29] . Each sample was analyzed 3 times at 25
• C with a sampling time of 99 s and a scattering angle of 90
• . A medium viscosity of 1.054 cP and a refractive index of 1.34 were used for the aqueous phase, with a typical liposome refractive index of 1.45.
Preparation of liposomes containing β-carotene
A 95% β-carotene powder was obtained from Sigma Aldrich (Sigma catalogue #C9750). Because pure β-carotene is insoluble in water, some form of solvent must be used to combine the carotene and the phospholipid. In the literature, pure β-carotene is usually dispersed in chloroform and the liposome produced using the thin-film method. A variation on this technique was developed as outlined below. Because chloroform is not suitable for incorporation in food systems, experiments were also conducted using ethanol as a food-grade alternative.
The β-carotene was added to a beaker containing the required amount of the MFGM-or soya-derived phospholipid and either ethanol or chloroform. This mixture was heated to approximately 60
• C on a hot plate with constant stirring, and held until the phospholipid formed a melt. The solvent was then evaporated over an 80
• C water bath. The aqueous phase was then added (imidazole buffer -20 mmol·L −1 imidazole, 50 mmmol·L
sodium chloride, and 0.02% sodium azide in Milli Q water, adjusted to pH 7, with 1 mol·L −1 hydrochloric acid) and stirred using a magnetic stirrer until the lipid film had hydrated. The dispersions were cycled through a M-110Y Microfluidizer (Microfluidics International Corp., MANewton, USA) with a 75 μm F12Y-type interaction chamber 5 times at ∼ 103 MPa (17 000 psi).
Separation of unentrapped β-carotene
The hydrophobic nature of the β-carotene caused the unentrapped material to form aggregates of varying sizes. To remove these aggregates, 3 mL aliquots of the liposome dispersions were added to 6 mL of buffer solution and centrifuged at 4000× g for 4 h in a CentraMP4R centrifuge (International Equipment Company, MA, USA). The supernatant was removed, and the centrifugation step repeated once more. Centrifugation at this speed removed large β-carotene aggregates, but did not cause significant sedimentation of the liposomes (as measured by determining the phospholipid concentration of the pellet) or of the very small β-carotene aggregates. As an additional precaution to check for the loss of liposomes, the particle size distribution of liposome dispersions without any entrapped β-carotene was compared before and after this centrifugation process, and did not show any changes. To remove the smaller β-carotene particulates, the supernatant was then passed through a Millex GS 0.45 μm filter unit (Millipore, MA, USA). A reddish colour indicating the presence of β-carotene could be seen on the upstream side of the filter. While very large liposomes may not pass through the filter, the vast majority of vesicles were smaller than 450 nm and it is unlikely that the exclusion of such a small number of liposome would significantly affect the result.
β-Carotene analysis
The presence of β-carotene can be determined qualitatively by eye, however quantitative measurements were required to ensure valid comparisons between systems. The concentration of β-carotene in a sample was measured quantitatively using a Waters 2690 HPLC Separations Module and an Alltech Prevail C18 Column (150 × 4.6 mm, 5 μm).
Samples were prepared for HPLC by adding 1 mL chloroform to between 0.1-1 mL of the liposome dispersion, then making up to 5 mL with methanol. This solubilized both the β-carotene and the phospholipids, producing a clear solution which was passed through 0.22 μm filters before filling into HPLC vials. The mobile phase was 90:10 methanol: chloroform, and absorbance measured at 436 nm. The primary β-carotene peak eluted at between 8.6-8.8 min, although there was a small peak at ∼ 6 min. Control samples containing liposome with no β-carotene present did not produce any peaks under these conditions, and it is likely that the small peak was either due to degradation products of the β-carotene or to other compounds present in the 95% β-carotene powder.
Preparation of liposomes containing potassium chromate
To mimic liposomes with entrapped hydrophilic compounds, the phospholipid material was dispersed in imidazole buffer containing 28 mg·mL −1 potassium chromate (adjusted to pH 7). Dispersions containing 1, 5, or 10% phospholipid (wt/wt) were prepared in this buffer and mixed thoroughly using an Ultra-Turrax (JKA, Staufen, Germany). These were then cycled 5 times through a 75-μm F12Y-type interaction chamber (M-110Y Microfluidizer, Microfluidics International Corp., Newton, MA, USA) at 103 MPa.
To allow comparison between the liposomes containing entrapped material and empty liposomes, liposome dispersions were also prepared using the same technique and phospholipid concentrations in imidazole buffer without any potassium chromate.
Separation of unentrapped potassium chromate
The unentrapped potassium chromate was separated from liposomes containing the entrapped molecules using gel permeation chromatography. Two mL aliquots of the phospholipid liposome dispersions or potassium chromate solutions were passed through a 10 × 150 mm column of Bio Gel P-6 DG desalting gel (BioRad, catalogue 150-0738), using gravity feed and imidazole buffer as the mobile phase. A combination of spectrometry and particle size analysis was used to identify the fractions containing liposomes and those containing unentrapped potassium chromate. It took approximately 6 min for the elution of the liposomes (both empty liposomes and those containing entrapped potassium chromate) and 27 min for the free or unentrapped potassium chromate. Samples containing potassium chromate and no phospholipids, potassium chromate and phospholipids not made into liposomes, and potassium chromate with empty liposomes were compared across a range of concentrations, and the potassium chromate peak was the same size and eluted at the same time in all samples of a particular concentration, confirming no interaction between the potassium chromate and the phospholipids. There was a consistent gap of at least 15 min between the elution of the liposomes and the unentrapped material. The fractions eluting from the column were collected manually using consecutive 2-min intervals for 36 min.
Passing a liposome dispersion through the column separated it into fractions of varying particle sizes, but combining all the fractions containing liposomes resulted in a single sample that had the same average diameter as the original dispersion.
Analysis of potassium chromate and liposomes
The absorbance of the original dispersions and of the fractions eluted from the column was measured at 504 nm. This wavelength corresponds to the peak absorbance for potassium chromate, and a calibration curve for free potassium chromate in imidiazole buffer at the concentrations used during these experiments had an R 2 -value of 0.998. Liposome dispersions also have a linear relationship between concentration and absorbance at this wavelength, permitting the absorbance of all samples to be measured at 504 nm to allow direct comparison and manipulation of the results.
RESULTS AND DISCUSSION
Determination of liposome formation, structure and size
The liposomes formed in the presence of either β-carotene or potassium chloride looked identical to empty liposomes in terms of structure, bilayer number and arrangement, and relative size distribution in the negative staining transmission electron microscopy images, confirming that Table I . Effect of phospholipid concentration on the mean diameter (Z ave ) of liposomes produced from the MFGM-and soya-derived phospholipids via microfluidization.
Phospholipid
MFGM-derived phospholipids Soya-derived phospholipids concentration (% w/w) Z ave (nm) Z ave (nm) 1 9 7 ± 6 8 0 ± 5 5 9 9 ± 3 8 5 ± 4 10 110 ± 5 9 8 ± 4
Added β β-carotene (μg/g phospholipid) the addition of the hydrophobic or hydrophilic material had not significantly altered the overall structure of the liposomes. The liposomes containing entrapped potassium chloride had similar particle size distributions to liposomes prepared solely from the phospholipid fractions (Tab. I). While the liposomes containing β-carotene were approximately 10% larger than those without the added hydrophobic molecules, neither the particle size nor the lamellarity of liposomes affects their entrapment efficiency [30, 31] . Figure 1 shows the total amount of β-carotene entrapped per gram of phospholipid (using chloroform) as a function of the added β-carotene per gram of phospholipid. As expected, the amount of β-carotene entrapped increased almost linearly with increasing β-carotene addition up to ∼ 6 μg per gram of phospholipid. However, upon addition of > 6 μg β-carotene per gram of phospholipid the amount of entrapped β-carotene increased more slowly and then levelled off. This plateau value differed between the liposome dispersions, being ∼ 6 μg β-carotene per gram of phospholipid for the MFGM-derived phospholipid and ∼ 3.5 μg β-carotene per gram of phospholipid for the soya-derived phospholipid. ANOVA analysis found that there were significant differences between the entrapment values at 95%.
β-Carotene entrapment
The data shown in Figure 1 has been used to calculate entrapment efficiencies for β-carotene (Fig. 2) . The differences in efficiency of β-carotene entrapment were obvious. When very small amounts of β-carotene were dissolved in chloroform along with the MFGM material, almost all of the β-carotene became incorporated into the liposome membrane. As more β-carotene was added, the proportion entrapped decreased. The entrapment efficiency of the soya liposome dispersion was considerably lower than the MFGM liposome dispersion, with efficiency not exceeding 0.5 even at very low β-carotene concentrations. The entrapment efficiency of the soya liposome dispersion was comparatively less affected by the increasing level of β-carotene addition.
The steeper slope of the linear portion of the MFGM liposome curve shown in Figure 1 is reflected in the higher entrapment efficiency below 10 mg β-carotene per gram of phospholipid. Figure 3 shows the total amount of β-carotene entrapped per gram of phospholipid using ethanol as the dispersion medium instead of chloroform. It is clear that the use of ethanol significantly reduced the amount of β-carotene incorporated in the liposome membrane for all samples (compare the y-axis on Figs. 1  and 2 ). The highest amount of β-carotene added was much lower than for the systems using chloroform as the dispersion medium. This was because during sample preparation there were obviously substantial amounts of aggregated β-carotene, and the removal of all of the aggregates was blocking the filters and contaminating the gel column. The general shape of the plot shown in Figure 3 is very similar to the portion of Figure 1 between 0-6 μg β-carotene per gram of phospholipid. This suggests that had higher concentrations of β-carotene been added, the increase in the amount of β-carotene entrapped using the ethanol as the dispersion medium would be likely to slow down and reach a plateau in the same manner observed when using chloroform.
The entrapment efficiencies for liposome dispersions produced using ethanol are shown in Figure 4 . Once again there were similarities with the comparative data obtained using chloroform as the dispersion medium (Fig. 2) . The entrapment efficiency was reduced as the amount of β-carotene added increased, but even at very low levels of β-carotene the efficiency did not exceed 0.5 for any of the liposome dispersions. While this is significantly lower than the 70-90% entrapment shown using chloroform, it is encouraging that between 40-50% of the added β-carotene can be incorporated in the liposome membrane using a food-safe solvent. However, due to previously mentioned problems regarding the removal of aggregated β-carotene, the concentrations of β-carotene used in these experiments are very low compared with those seen in the literature [2, 6, 10, 11, 18, 22, 24, 25] or those that would be required for most food applications.
Irrespective of the solvent used, the incorporation of β-carotene into the phospholipid membrane initially occurs proportionally to the total amount of β-carotene present in the system, with total β-carotene entrapped increasing in a linear fashion. Once a certain β-carotene:phospholipid ratio is obtained within the membrane, it appears that the membrane becomes saturated and there is only limited increase in entrapped β-carotene upon further addition of β-carotene to the system. The MFGM-phospholipid liposome dispersions appeared to reach this point at β-carotene concentrations of between 6-7 μg per gram of phospholipid, while the soya liposome membranes seemed to become saturated at ∼ 4 μg per gram of phospholipid. The efficiency of entrapment was highest for very low levels of β-carotene, and reduced linearly as more β-carotene was added to the system. For liposome dispersions produced using chloroform, there appeared to be a linear relationship between entrapment efficiency and added β-carotene up to 18 μg per gram of phospholipid. The plateau in entrapment efficiency may suggest a partitioning of the β-carotene between the solvent phase (chloroform or ethanol) and the phospholipid.
In general, the overall trends were comparable between liposome dispersions produced using chloroform and those produced using ethanol, but the entrapment efficiencies were significantly lower in the ethanol-based systems. This was presumably because of the low solubility of β-carotene in ethanol, less than 0.01 g·mL −1 compared with 3 g·mL
for chloroform [7] . For the β-carotene molecules to become incorporated in the phospholipid membrane, they must be solubilised and brought into contact with the phospholipid molecules. If the β-carotene molecules form aggregates they will not become part of the membrane structure. Shibata et al. [22] found that β-carotene has a relatively low miscibility in phospholipid membranes, and is inclined to form aggregates rather than always becoming incorporated into phospholipid membranes. While the use of chloroform appears to have overcome any miscibility issues in this study, if β-carotene was poorly soluble in ethanol as well as having low miscibility in the phospholipid membranes there would be strong tendency to form aggregates rather than becoming incorporated into the membrane. It must be noted that there was some difficulty in dissolving the SigP3644 phospholipid fraction in the solvents. However, increasing the amount of solvent, temperature or length of dispersion time did not have a significant effect on the level of β-carotene entrapment for this fraction.
The differences in β-carotene entrapment between the two liposome dispersions are most likely to be due to differences in the composition of the phospholipid fractions. The partitioning of the β-carotene between the liposome membrane and the solvent phase will be influenced by the hydrophobicity of the membrane interior, which is determined by the fatty acid composition and presence of other hydrophobic molecules. The presence of amphiphilic molecules, including proteins, within the membrane may also affect membrane hydrophobicity.
Potassium chromate entrapment
The absorbance of the eluted fractions for a 5% phospholipid liposome dispersion with and without entrapped potassium chromate and a solution of free potassium chromate is shown in Figure 5 . Similar plots were obtained for all of the phospholipid concentrations for both the MFGMderived and soya-derived liposomes.
The elution profile of the empty liposome dispersion showed a single broad peak starting after ∼ 5 min (Fig. 5, peak B) and the solution of free potassium chromate solution had a single small peak after ∼ 27 min (Fig. 5, peak C) . These two peaks were used as references to analyze the third dispersion which contained the same concentration of phospholipids as in peak B and the same potassium chromate concentration as in peak C. This dispersion showed two successive absorption peaks, the first overlapping the peak corresponding to the empty liposomes and the second overlapping the peak from the free potassium chromate.
Peak A was noticeably larger than peak B. As the phospholipid concentration, liposome size and injected volume for these two dispersions was the same, this difference can not be due to an increase in the number or size of liposomes present in the eluted fractions. The most likely reason for the larger peak is the absorbance of entrapped potassium chromate molecules. This hypothesis is further supported by the reduced size of the peak corresponding to the potassium chromate for this dispersion compared to the peak for the same concentration of free potassium chromate.
Based on these observations, we quantified the amount of potassium chromate entrapped by the liposome dispersions. Using a calibration curve for absorbance at known potassium chromate concentrations, if A represents the area under the curve for the first peak for the liposome dispersion containing potassium chromate and B the area under the curve for the empty liposome dispersion, then the amount of potassium chromate entrapped (ΔKCr e ) can be calculated from:
This can then be used to calculate entrapment efficiencies (EE) for the potassium chromate. The EE were calculated as:
where KCr un is the unentrapped potassium chromate which is given by D, the area under the second peak for the liposome dispersion containing potassium chromate The EE calculated for different phospholipid concentrations for both MFGMderived and soya-derived phospholipids are shown in Figure 6 . As expected, increasing the phospholipids concentration increased the hydrophilic entrapment efficiency.
Higher entrapment efficiencies have been obtained with the MFGM-derived phospholipid dispersions than with the soya dispersions. This is not surprising given that the liposomes formed from the MFGM phospholipids were larger than those produced from the soya phospholipids (Tab. I). The mean diameters were slightly larger for the 10% phospholipid liposome dispersions than for the 1 or 5% dispersions, suggesting that the higher concentration was less sensitive to the shear and turbulence produced during microfluidization. As the EE is usually proportional to the entrapped volume, and the entrapped volume is proportional to the radius to the 3rd power, small differences in diameter can result in significant differences in EE. Table II compares the ratios of mean diameter and EE for the MFGM and soya liposome dispersions at different phospholipid concentrations. Using the 10% phospholipid dispersion as an example, it shows that a sphere with a diameter of 98 nm will only have 77% the volume of a sphere with a diameter of 110 nm. The differences in measured EE at phospholipid concentrations of 5 and 10% appear to be at least partly due to differences in the mean diameter of the liposomes. The measured EE at 1% phospholipid is smaller than would be expected given the size of the liposomes, but there is large variation in the measured mean diameters for the liposome dispersions at the lower phospholipid concentration. Comparing the lower end of the confidence interval for the ratio of volume of spheres (0.56 −0.22 = 0.34) with the upper end of the ratio of EE values (0.23 + 0.05 = 0.28) shows that the difference between these values is not large, and may be due to a slight under-estimation of the variation of the population mean. Overall, the figures are in agreement with those previously reported for liposomes produced via microfluidization [12] .
CONCLUSIONS
These results suggest that liposomes formed from the MFGM-derived phospholipid are able to entrap a higher percentage of the hydrophobic molecule β-carotene than those from soya phospholipid, using either chloroform or ethanol as the dispersion medium. This observation may be due to a more favourable partitioning of the molecule between the aqueous phase and the MFGM-phospholipid membrane. It also seems that the MFGM liposomes entrap a higher percentage of the hydrophilic molecule potassium chromate, but these differences appear to reflect the slightly larger diameter of the liposomes produced from the MFGM material as opposed to be a product of differences in membrane composition.
These results suggest a potential advantage in using MFGM-derived phospholipids, particularly for the production of liposomes for entrapping hydrophobic actives.
